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A B S T R A C T

A concept is described for passive microwave sensing of soil moisture and ocean salinity

from space. The Inflatable Radiometric Imaging System (IRIS) makes use of a large-diameter,

offset-fed, parabolic-torus antenna with multiple feeds, in a conical pushbroom  configuration. The

antenna design is implemented using inflatable structures. Inflatable structures provide a means

for deploying large-aperture, low-mass, and low-cost antenna systems in space, suitable for opera-

tion in the 1 to 3 GHz frequency range needed for soil moisture and salinity sensing. The IRIS

design provides multichannel, constant-incidence-angle, wide-swath, and high-radiometric-

precision mapping of the Earth’s surface. These capabilities facilitate accurate estimation of soil

moisture and salinity, with global coverage every 2 to 3 days. The high calibration accuracy

achievable with this system provides the potential for stable, long-term measurements. Sinmla-

tions show that the 25-m-diameter 1.41- and 2.69 -GHz, dual-polarized system described here can

provide surface soil moisture with an accuracy of -0.04 g-cm-s (where vegetation water content is

less than -5 kg-m-z) at a spatial resolution of -30 km. Although space inflatable systems are a

relatively new technology, the advantages of low packaged volume, low manufacturing cost, and

low mass provide a strong incentive for their development. IRIS presents an opportunity to incor-

porate the unique capabilities of inflatable systems into a high-priority scientific mission, and to

demonstrate these capabilities for other remote sensing applications.
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I. ]NI’RODUCI’1ON

For many years microwave radiometry has been considered as the primary technique for

measuring soil moisture and ocean salinity globally from space. ‘I’he influence of soil moisture on

weather and climate is well-known, and soil moisture is one of the highest priority requirements of

global-change research and operational forecasting not met by current or planned remote observing

platforms [1], [2]. Similarly, ocean salinity is one of the highest priority outstanding requirements

for air-sea interaction and ocean circulation studies [3], [4]. Despite these facts, a spaceborne soil

moisture and/or ocean salinity observing system has not yet been developed. Part of the reason for

this lies in the difficulty of the measurements-accounting for surface heterogeneity and vegetation

cover is necessary for soil moisture retrieval, and high precision in brightness temperature is

needed for salinity estimation. However, cost and technological challenge have been the main in~-

pediments to launching a spaceborne system for these applications. Adequate sensitivity to soil

moisture and salinity requires observations at low frequencies (< 3 GHz), and hence a large an-

tenna to achieve adequate spatial resolution. The high costs of deploying large conventional anten-

nas in space have prohibited their application to date.

One approach that has been considered as a solution to this problem is interfcrometric  aperture

synthesis. In this technique, the signals from an array of receiver elements, distributed sparsely

over a large ape~lure,  are combined coherent] y to s ynthcsize  the antenna beams [5]. Savings in

mass and volume, and potentially cost, are realized by the sparse filling of the aperture. A proto-

type airborne system, the Electronically y-Scanned Thinned-Array Radiometer (ES’I’AR),  has suc-

cessfully demonstrated this technique [6], and similar or related systems have been proposed for

space application [7]–[9]. However, spaceborne implementation of a precision thinned-array s ys-

tem of the required capability for soil moisture ancl salinity sensing remains a significant techno-

logical challenge.

In this paper we describe an alternative approach, using a large-aperture reflector design that

can be impletnented  using inflatable structures. Significant testing and validation are needed before

inflatables can be used routinely in space. However, inflatable antennas are versatile and can be

scaled relatively straightforwardly in size and operating frequency. They can be designed with

multichannel, constant-incidence-angle, and high-radiornetric-precision  capabilities. Combined
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with their cost advantage, these attributes make inflatables ideal candidates for remote sensing ap-

plications. Thus, IRIS was designed to utilize the unique features of inflatable structures to place a

high-accuracy, affordable, soil-moisture and salinity measurement capability in space. The system

consists of a 25-m-diameter, offset-feci, paraboiic-torus  reflector antenna, in a conicai-pushbroorn,

constant-incidence-angle configuration. The system operates at 1.41 and 2.69 GHz, with vertical

and horizontal polarizations. A spatiai resolution of 24 x 32 km is obtained from an aititude of 780

km, over a swath width of 1130 km. Radiometric sensitivity of -0.3 K or better can be achieved

(see Table 1). An artist’s rendering of the concept is shown in Figure 1. The system uses inflat-

able structures for the antenna reflector, feed ring, and support struts, and incorporates recent ad-

vances in patch-array feeds, microwave integrated circuit (MIC) radiometers, and flcxible-

interconnect printed circuits (for power and data transmission). These design features provide

major reductions in system mass, stowed volume at launch, and cost compared with conventional

antennas of similar size. A significant benefit is thus realized in maximizing the science yieid per

doiiar of a potential space mission.

In the following sections we discuss the science measurement requirements for IRIS, and

present results of a design study of the system. The main emphasis of this paper is the study of

the performance characteristics of the antenna/feed/radiometer configuration as they pertain to the

soil moisture and ocean salinity sensing capability. Detaiis  of the manufacturing, testing, thermai,

structural, and ciynarnical  analyses of the inflatable system were also part of the study on which

this paper is based, but are not reported here. Variations on the IRIS system design can also be

considered, such as using a rotating, offset-fed parabolic antenna instead of a pushbroom  system,

and/or implementation using a deployable wire mesh reflector instead of an inflatable membrane

structure. These approaches are also being stuciied but are not reported here.

This study builds on earlier work performed at the NASA Langley Research Center [ 10], the

Jet Propulsion Laboratory [11 ], and inciustry,  and represents the combined efforts of a joint JPL-

industry team with contributions from L’Garcie, Inc., Lockheeci-Martin  Astronautics, and CTA

Space Systems.
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II. H ISTORICAL B A C K G R O U N D

A long series of experimental and theoretical studies have clemonstrated  the capability to

measure surface soil moisture and ocean salinity remotely using passive microwaves in the 1 to 3

CiIIz frequency range [ 12]-[ 19]. There are two frequency bands in this range, centered at 1.414

and 2.695 GHz, that are protected from radio-frequency interference (RFI) by international agree-

ment [20]. Hence, most soil moisture and salinity radiometers have been designed to operate at

one or both of these frequencies. Studies have shown that there is greater sensitivity to soil n~ois-

ture and salinity at 1.41 GHz than at 2.69 GHz, but that corrections are necessary to measurements

using a single channel (such as 1.41 GIIz, horizontal polarization), to account for the variable ef-

fects of surface temperature, surface roughness, and vegetation (over land). These corrections can

be provided by measurements from other sources, such as surface temperature from an infrared

sensor and vegetation index from an optical sensor. However, these ancillary data have associated

errors, and cannot easily be obtained with time-space sampling that is simultaneous and conln~en-

surate with the microwave data. A more desirable approach is to use multichannel microwave

data, i.e. 1.41 GHz and 2.69 GHz at both vertical and horizontal polarizations, at constant incidence

angle, to provide the primaty measurements of soil moisture and salinity as well as the corrections

for temperature, roughness, and vegetation. Designing a spaceborne system to incorporate these

four channels into the same instrument, while providing a constant incidence angle over a wide

swath, has proven to be a significant technological challenge. The IRIS concept is a design that

accommodates these specifications. Inflatable structures provide a means for implementing the

concept in an actual space mission.

The development of space inflatable structures was pioneered by L’Garcle, Inc. [21]. The

work had its origins in militaty  programs involving sub-orbital flights of re-entry vehicle decoys

and space targets. Subsequent analyses ancl ground tests have demonstrated that inflatable reflec-

tors can be constructed from seamed flat-panel gores of polyimide  films with rms surface accura-

cies of a few millimeters or less. Assessments have also shown that inflatable thin-film structures

can sustain years of micrometeoroid  bombardment in the space environment with reasonably

small requirements for “make-up” inflation gas. These studies have sparked widespread recent

interest in the potential use of inflatable structures for a variety of applications including large-

aperture antennas, solar collectors and concentrators, solar sails, sunshields,  deployment booms,

and others.
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The first demonstration of an in-space deployment of a large-aperture inflatable antenna took

place in May 1996 with the launch of the Inflatable Antenna Experiment (IAE) [22] on Space

Shuttle Endeavor (STS-77). This experiment demonstrated successfully the ability to fabricate and

deploy in space a 14-m-diameter microwave reflector antenna (with three 30-m-long inflatable

struts) at remarkably low cost. Although the fully-inflated surface shape of the reflector was not

demonstrated, the experiment was a major success and an important milestone. Ground tests and

advanced computer simulations, taking into account recent improvements in materials and manu-

facturing techniques, indicate that rms surface accuracies of -2 mm over an antenna diameter of 25

m are within the current state-of-the art for this technology [23]. These demonstrations, and the

accelerating investments in space-inflatables technology for a variety of civilian and defense appli-

cations, have spurred interest in the use of inflatables for remote sensing applications.

New opportunities for development of small, low-cost space missions within NASA’s New

Mi]lenium  Program (NMP) and Earth System Science Pathfincler (ESSP)  program gave rise to

the present stuciy. IRIS is one of many possible

innovative approach and science priority make a

development.

future Earth-observation mission candidates. Its

compelling argument for its continued study and

III. MEASLJREMENT REWIKE;MENTS AND APPROACEE

A. Science Requirements

The constraints placed by the requirements of soil moisture and ocean salinity on the observ-

ing system design are similar. Hence, for brevity, we describe here only the soil moisture re-

quirements as they influence the IRIS system design. The salinity application is described briefly

in Section V. The IRIS concept addresses large spatial scale applications (> 30 km). At these

scales the influence of soil moisture on atmospheric circulation and climate is now well understood

[1], [24], [25]. Also, the land-parameterization  schemes of the weather and climate models that

operate at these scales have evolved to where the benefits of assimilating spaceborne soil moisture

data can be now evaluated in a practical fashion.

Low-frequency microwave sensors provide estimates of soil moisture in the top 2 to 5-cm

surface layer, whereas land-surface schemes for climate models typically parametrize soil mois-

ture as averages over layers of various depths in the soil (depending on the model) down to 1 m or
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more. Schemes foroptir~~ally  assinlilating  rct~lotely-sensed  sllrface Iayer measurements into land-

surface models are still in their evaluation stages, hence precise accuracy requirements for soil

moisture are not well-defined as yet. However, efforts to docutncnt  the operational forecast model

requirements have been made. For example, the National Centers for Environmental Prediction

(NCEP) requirements for soil moisture for their Eta (regional forecast) model have been given as

spatial resolution of 50 km or better, location accuracy of -3 km, and soil moisture accuracy of

+ I () cm of water per ] -m column of soil (a loose requirement), with eventual accuracy of A 1 cm

per 1-m column, if feasible [26]. These specifications, and simulation studies (e.g. [ 1]) which in-

dicate the ranges in forecast outcomes for different soil moisture inputs, indicate that the require-

ments for soil moisture can be satisfied by a measurement accuracy of -0.04 g-cm-s  rms in the

top 2-cm layer. For a passive microwave system, this accuracy should be achievable in the pres-

ence of vegetation with water content as high as -5 kg-m-2 (roughly equivalent to a mature corn or

wheat crop). An accuracy degradation to O. 1 g-cm-?’ roughly defines a threshold at which vegeta-

tion obscures the usefulness of the soil moisture measurement. Polar-orbiting sensors do not

sample frequently enough, globally, to capture reliably individual precipitation events as they oc-

cur. However, a repeat sampling period of 2 to 3 clays is adequate, relative to the retention (dry-

down) period of surface soil-moisture [17], for use in hydrologic process studies and forecasting

applications.

B. Microwave Emission Models

The theory and experimental demonstration of passive microwave sensing of soil moisture

arc well-established [17], [27], [28]. The brightness temperature T[; in a given viewing direction

and channel (frequency and polarization) can be related to the geophysical parameters of the sur-

Pace  through a radiative transfer model function @, as:

TI{i = ~~~ (X )

where, x is a vector of geophysical parameters {xj }, and the subscript i

retrieval process consists of estimating one or more of the parameters xj

(1)

denotes the channel. The

from one or more channel

measurements Tni. Here, we use a model of soil and vegetation microwave emission to illustrate

the brightness temperature sensitivities to soil moisture, vegetation, and temperature as functions

of frequency, polarization and view angle, and to show the key system design trade-offs.
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Brightness Temperature Model

The brightness temperature TB,, observed from space in a given Earth-viewing direction, at a

given frequency and polarization, can be expressed by the radiative transfer equation:

where, Tu is the upwelling  atmospheric emission, Td is the downwelling atmospheric and space-

background emission at the surface, z. is the atmospheric opacity, and rP is the surface reflectivity

(related to the surface emissivity  eP by: e,, = 1 - r,,). T+, is the surface brightness temperature.

The subscript p denotes either vertical or horizontal polarization. For a surface modeled as an ab-

sorbing vegetation layer above soil, the surface brightness temperature can be expressed as:

7\l, = e,[) T. exp (-~C) + T, [ 1- cxp (--r.)] [1 + r~,, cxp (-zC)] (3)

where, TC is the vegetation temperature, ~C is the vegetation opacity, r~P is the soil reflectivity

(related to the soil emissivity  e~P by: es,, = 1 - r~P), and T. is the effective soil temperature (the

effective temperature is the weighted-average temperature over the microwave penetration depth in

the medium). The vegetation scattering albcdo  is smal 1 at low frequencies and has been neglected.

If the underlying soil temperature is assumed equal to the vegetation temperature, Equation (3) re-

duces to the simpler expression:

Tb[) = T< [ 1- r$[) exp (-2rC) ] (4)

where, Te = T~ = TC.

At low frequencies, atmospheric effects (of non-precipitating clouds and water vapor) are

small. Hence, from Equation (1), Tn,, = T+,, and Equations (3) or (4) can be used to express, ap-

proximately, the Earth-emitted brightness temperature. The soil reflectivity r.l, is primarily a

function of the volumetric soil moisture mv in the surface layer, while the vegetation opacity -rC de-

pends primarily on total vegetation water content WC. Soil surface roughness, soil type, and vege-

tation type (structure) also affect the surface emission, but to a lesser extent for most surfaces.

Since most surfaces arc heterogeneous, all quantities must be considered as averages over the
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footprint area. (Strong vegetation contrasts introduce nonlinearity into this averaging, but at low

frequencies the resulting bias effects on the retrievals arc small [29], [30].)

Faraday Rotatiotl

Faraday rotation by the ionosphere of the polarization of the Earth-emitted radiation is of con-

cern at low frecpencies since its effect increases in inverse proportion to frequency. The Faraday

rotation angle Q (radians) may be expressed approximately as [31]:

Q = 236.5 f ‘2 ~. COS-(Z SCCX NF (5)

where, f is the frequency (in GHz), NF is the ionospheric total electron content (TEC) (in TEC

units, where 1 TEC unit = 10IG electrons-m-z), BO is the Earth’s magnetic field (in Tesla), a is the

angle between the radiation path and the magnetic field, and ~ is the angle between the radiation

path and the vertical. The overbar denotes an average along the radiation path. Considering a typi-

cal worst-case geometry for IRIS (e.g. ~ = 45°, a = 0°, and a high-latitude value of B. = 5.44 x

10-s at 300-kn~ altitude near the peak of the electron density), and assuming that the satellite is

above the effective ionospheric region, we obtain an upper bound estimate for Q ofi

Q = 0.015 f -2 NF (6)

Typical values of iV~ range from -3 TEC units at night to greater than 50 TEC units during the

day, depending on latitude and solar activity [32]. Due to the Faraday rotation, the brightness tem-

peratures Tb~  and Tb~l observed at the satellite are related to the brightness temperatures below the

ionosphere by [33]:

Tb; = Th, COS2~ +

Tb;, = Tbj, COS2fi +

Equations (3) and (7) provide a model tha can be used

temperature sensitivities to the surface parameters.

7~,, sin2KJ

7~,, sin2Kl

to evaluate the satellite-observed

(7)

brightness

8



,

Sensitivity Atmlysis

Thenornmlize  dsensitivitie sSijofth  cbrightncss temperatures (O the model paramctersxj  can

be expressed as (in the notation of Equation (1)):

Sij = (8)

where, Xj are the typical dynamic ranges or uncertainties of the parameters ~j, and XO are the base-

line parameter values at which the Sij are evaluated. The sensitivities are normalized since this in-

dicates more clearly the relative magnitudes of the sensitivities in Kelvins.

Figure 2 shows the brightness temperature sensitivities to the parameters m,, WC, T~, and Tc,

at two values of WC (O and 1.5 kg-m-2), as functions of frequency for a viewing angle of 40°. The

curves were computed from Equations (3), (7), and (8), using: (a) relations between r~l) and mV

derived from the Fresnel  reflectivity expressions and dielectric constant curves for a sandy-loam

soil [27], [34]; and (b) a linear relation between -rC and WC derived from data summarized by Jack-

son et al. [35]. (The coefficient relating -rC to WC, obtained from the experimental data, is approxi-

mately proportional to frequency in the 1 to 5 GHz frequency range). The sensitivity curves in

Figure 2 were computed for baseline values of n~V = 0.15 g-cm-s, T, = 20”C, and TC = 15°C. A

smooth surface and an ionospheric electron content of 30 TEC units were assumed. The fre-

quency range computed was from 1.4 to 6.4 GHz to illustrate the variation from L to C-band. A

summary of the sensitivities at 1.41 and 2.69 GHz is given in Table 2. Figure 2 shows that for

bare soil (WC = O) the sensitivity to mV dominates at the lower frequencies, and is roughly constant

with frequency. The H-polarization is more sensitive to rnv than V-polarization, and vice-versa for

7;. At the higher frequencies the sensitivity to WC becomes dominant. For vegetated soils, the

sensitivities to mv and T~ decrease with frequency (as the vegetation opacity TC increases), the sen-

sitivity to Tc increases, and the sensitivity to WC remains fairly constant. The distinctive variations
. . .

m senslt]vlt y of brightness temperature to m”, WC, 7;, and TC, as functions of frequency and polari-

zation, provide the basis for the multichannel  retrievability of mv, WC, and Te as independent vari-

ables. The parameters T~ and TC are lumped into one surface temperature variable, Tc, for retrieval

purposes. For bare soils, the temperature Te will be characteristic of the soil, while for vegetated
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surfaces it will be characteristic of the vertical vegetation-soil profile. For mixed surfaces it will be

a footprint weighted-average of these cases [29].

The sensitivity to m,, in the presence of vegetation decreases at higher incidence angles (e.g. O

= 50° versus O = 30°) due to the greater attenuation path through the vegetation. However, there is

better estimation of vegetation, using V and H polarizations, at the higher angle. An incidence an-

gle of 40° appears to be a good compromise between these two effects—i.e. providing adequate

sensitivity to soil moisture with the ability to correct for vegetation. (Higher incidence angles also

have the advantage of providing a wider swath width, hence more frequent global coverage.)

C. Geophysical Retrieval

The retrieval of surface soil moisture by IRIS can be evaluated using simulated observations.

These simulations indicate the accuracies with which soil moisture can be retrieved for specific as-

sumptions of instrument noise, measurement channel selection, incidence angle, and geophysical

parameter variability.

IRIS is designed to operate at two frequencies, 1.41 and 2.69 GHz, to take advantage of the

radio-astronomy bands protected from radio-frequency interference by international agreement

[20]. The primary soil-moisture-sensing frequency is 1.41 GHz, since there is greater soil pene-

tration depth at this frequency and it is less affected by roughness and vegetation. The brightness

temperature at 2.69 GHz is approximately twice as sensitive to vegetation as 1.41 GHz (at low

vegetation), with the H polarization more sensitive than V. The combination of four channels pro-

vicles  sensitivity to soil moisture with corrections for both vegetation and surface temperature.

Faraday rotation in the ionosphere is a source of error especially for daytime observations. Thus, a

6 anti6 pm sun-synchronous orbit is desirable so that one set of samples is always obtained near 6

am local time when the electron content of the ionosphere is at a minimum (<5 TEC units [32]).

At 6 am the subsurface soil moisture and temperature profiles are also near their most uniform,

leading to more reliable and consistent surface soil moisture estimates. Consistent sampling at 6

am and 6 pm also allows diurnal temperature effects to be studied. Furthermore, equator cross-

ings at 6 am/6 pm minimize the orbital eclipse periods, with advantages for spacecraft power man-

agement and minimizing the effects of thermal transients on the system. The effect of dew on the

surface at 6 atn may constitute a source of error, however, and needs to be studied.
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The parameters x = {m”, WC, ~e } at ~ given footprint location  Cm be retrkvcd  from the ob-

served set of four-channel measurements ( Tbi } ( 1.41 and 2.69 GHz, V and H polarizations). The

retrieved parameters represent footprint area-averages (appropriate for use by the hydrologic and

climate models). Figures 3 (a)–(c) show simulated retrievals using the four-channel system. The

retrievals are based on a set of simulated geophysical parameters with independent uniform ran-

dom distributions (n = 1000 realizations) over the ranges: m), = 0.03 to 0.35 g-cm-s; WC = O to 6

kg-m-z; and Te = O to 40”C; and constant incidcncc angle of O = 40°. Simulated brightness tem-

peratures were computed for this set of parameters using Equation (4), and gaussian random noise

of o = 0.5 K was added to all data channels to account for rnodcl uncertainty as well as the ex-

pected sensor noise of -0.3 K. No externally provided information on vegetation or temperature

to constrain the retrievals was assumed. The retrieval algorithm starts with an initial guess for the

parameters ret,, WC, and Te, then iteratively adjusts these parameters until the brightness tempera-

tures T~i computed using Equation (4) match the simulated (noisy) observations T1ji*  to within a

given tolerance, i.e. the weighted SLIm of the squared differences between observed and computed

brightness temperatures, X’2, is minimized, where:

()N T,ji* - TBi  2

X 2 = - ~i
i=l

and where N is the number of measurement channels (N=  4) and ~i

nel (assumed equal in the simulations).

To illustrate how the retrieval errors vary with the amount of

(9)

is the noise A T of each chan-

vegetation present, Figures 3

(d)-(f) show the rms retrieval errors plotted versus vegetation water content. For this case the re-

trievals were performed at discrete values of WC (n = 500 realizations at each value) over the range

O to 6 kg rm2). As expected, the mv retrieval error increases with larger values of WC due to the in-

creased masking of the surface by the vegetation. Somewhat unexpected is the slight increase in

soil moisture retrieval error at low vegetation. The reason for this is that there is lCSS discrimina-

tion between soil moisture and surface temperature for bare soil than for slightly vegetated soil,

using the four given rneasuremcnt  channels. This is also evidenced by the decrease in Te retrieval

error with increasing vegetation. (Note that it is assumed here for simplicity that the soil and

vegetation temperatures are equal. ) The main conclusion to be drawn from Figure 3 is that given
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the assumptions of the model, a four-channel retrieval can estimate soil moisture with an accuracy

of better than 0.04 g-cm-~ over the range of vegetation from O to 6 kg-m-~. ~Jseful estimates of

sur~ace tetnperature  and vegetation water content are also obtainable over this range.

]V. SYSTEM ~ESIGN

A. System Description

The IRIS antenna configuration traces its heritage principally from two earlier studies of off-

set-fed, parabolic-torus reflector systems for earth remote sensing [36], [37]. The elements of the

system design are derived from the science requirements and measurement approach discussed in

the previous section. To achieve wide-swath, constant-incidence-angle capability, and high radio-

metric sensitivity (long integration time), a conical-pushbroom  design was considered optimal.

The principal instrument characteristics are listed in Table 1. The measurement system consists of

an array of microwave radiometers operating at 1.41 GIIz (L-band) and 2.69 CJHZ (S-band) with

vertical and horizontal polarizations. The system uses a single 25-m-diameter inflatable, offset-

fed, parabolic-torus reflector antenna with an array of 44 radiometers and feeds located at the an-

nular focus of the reflector (Figure 4(a)). The feeds provide 44 independent beams per channel,

offset 35° from nadir and distributed geometrically over the surface of a cone. The actual offset

angles are -35°+ 10 for the L- and S-band beams, respectively (see Section V. E). Figure 4(b)

shows the offset-antenna geometry and antenna design parameters in more detail. Seeking maxi-

mum compactness for the antenna, while keeping the beam efficiencies, sidelobc  levels, and cross-

polarizations within acceptable limits, an optimum set of geometrical parameters for the antenna

were determined (Table 3). Each beam uses only a portion of the parabolic-torus reflector surface.

The beams pass through the transparent feed-support membrane and are focused by the reflector

onto feeds at the rim of the membrane. The effective apertures of the beams are 10.8 m and 6.6 m

at 1.41 and 2.69 GHz, respectively. The under-illumination of the available aperture at 2.69 GHz

is designed to provide a similar beamwidth,  and hence spatial resolution, as the 1.4 CJHZ  frequency

(the beams are not of identical widths due to design limitations of the feed arrays). Similar bcanl-

widths are an advantage in multichannel retrievals, for which observations at equal spatial resolu-

tions in all channels are desired.
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The 780 km altitude was selected on the basis of trade studies that considered the effects of al-

titude on spatial resolution, antenna diameter, swath width, atmospheric drag, and chemical degra-

dation of the antenna membranes by atomic oxygen. At an altitude of 780 km the spatial resolu-

tion of the L-band beams is 24 x 32 km. The antenna offset angle of 35° corresponds to an inci-

dence angle of 40° at the Earth’s surface. The conical, fixed-beam configuration, and along-track

spacecraft motion provide a “pushbroom” mode of operation, with a swath width of approxi-

mately 1130 km (Figure 1). Advantages of this design are that the long integration times (0.9s per

satnple  per channel) compensate for the narrow bandwidths available (20 and 10 MHz), providing

high sensitivities at L- and S-bands. Furthermore, no antenna scanning is required to achieve the

wide swath. The wide swath provides complete coverage in three days at the equator, and in two

days or less at higher latitudes. Essentially identical antenna patterns are provided at each beam

position, with beatn efficiencies greater than 88% an(i cross-polarization isolation better than 26

dB. It might be argued that these features are achieved at the expense of efficient use of the totat

antenna aperture (each beam uses 10.8 m or less of the total antenna diameter of 25 m). However,

the attribute that makes inflatable antennas attractive for remote sensing is in fact the relaxation of

the need for efficient use of aperture as a driving factor in system design.

The layout of the paired L and S-band feecls  on the feecl membrane is shown in Figure 5. The

feeds are spaced around the circumference such that the cross-track separation between beam cen-

ters is approximately twice the beamwidth.  This is the closest separation that can be achieved at

the center-track position. Beams generated by the fore ancl aft semicircles of feeds are interleaved

in their cross-track spacing so that when fore and aft beams pass over a given region the combined

footprint tracks overlap at approximately the 3-dB level across the swath. This design places tight

requirements (-O. 15°) on the yaw-control of the system. Alternate approaches such as offsetting

double rows of L and S-band feeds [10] greatly complicate the folding and packaging design of the

feecl membrane and torus.

B. Inflatable Structure

The design of the inflatable structure, and its packaging and inflation mechanisms, are exten-

sions of those clevelopcd by L’Garde, Inc. for the 14-nl-diarneter  STS-77  IAE system. The an-

tenna diameter of 25 m is a feasible step upward in size from IAE as a follow-on space imple-

mentation. The structure consists of the following elements (see Figures 1 ancl 4).
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Lenticular Structure mu! Supports:

The upper antenna membrane is Fabricated from precisely shaped thin-film gores, mctallized

on the inner surface to fortn the parabolic-torus reflector. The lower membrane is unmetallized  to

be RF-transparent, and is attached to the upper membrane at the circumference to form a closed

lenticular  structure. When inflated to the correct pressure (- 10-4 psi), and supported at the rim by

the main torus, the reflector shape is maintained to high accuracy. The main torus, like the radi-

ometer/feed  support torus and the support struts, is fabricated from latninated  thin films that are

rigidized after inflation. After rigidization,  no internal pressure is needed to maintain the shape and

stiffness of the tori or struts. The lenticular  structure is not rigidized, but is maintained at its re-

quired low inflation pressure throughout the mission. The inflation system is sized to carry

enough gas for a 2-year baseline mission, based on statistical estimates of meteoroid and debris

impact holes, and leakage due to other sources such as material permeability and diffusion through

scams. A circular section at the top of the reflector membrane is left unmetallized  so that data and

commands can be transmitted between the spacecraft and the ground.

Feed/Rdiometer Supports:

The lower torus is similar to the upper torus, but is smaller in diameter. An RF-transparent

membrane is stretched across the lower torus to support the patch-array feeds and MIC radiome-

ters, that are mounted in the annular focal region of the primary reflector. Three support struts

connect the upper torus to the lower torus, and another set of three struts connect the upper torus to

the canister system (containing the inflatable structure during ]aunch) which is rigidly attached to

the spacecraft. The struts are of similar construction to the tori. Lightweight flexible interconnects

are attached to the struts to transmit power and commands between the spacecraft and radiometers.

C. Antenna Fjeed Arrays

The antenna design requires the feeds to illuminate the main reflector with beams more direc-

tive than ordinaty  low-gain patterns. It also requires the feeds to be small in mass and low in pro-

file so that they can be reliably mounted on the lower torus membrane. To accommodate these

requirements, microstrip arrays with thin honeycomb substrates are used for the reflector feeds.

With a honeycomb substrate, which is altnost free space, the RF resistive 10SSCS are also kept low.

Each L-band array consists of nineteen microstrip  patch elements that are connected together by
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series-feed microstrip  transmission lines as shown in Figure 6(a). Each array, structured in a hex-

agonal shape, has a maximum width of 52.5 cm with a thickness of 0.64 cm. Triangular lattice

element spacing is used which naturally forms three rings of array elements. To achieve proper

illumination of the main reflector, with low sidelobcs,  amplitude taper is imposed on these three

rings of elements. The calculated -3 dB and -14 (IB bcamwidths  of each array are 25.5° and 54.0°,

respectively, along the vertical polarization plane, and 29.0° and 60°, respectively along the hori-

zontal polarization plane. The calculated L-band feed pattern is shown in Figure 6(a). The mass of

each L-band feed panel is estimated to be 0.37 kg. Each S-band feed array has a design and size

similar to the L.-band array, except that it is almost twice the size electrically. It has 37 elements

arranged in four rings, with a maximum dimension of 50 cm, thickness of 0.64 cm, and mass of

0.32 kg. The calculated -3 dB and -14 dB bcamwidths  are 15.0° and 31.0”, respectively, along the

vertical polarization plane, and 17.2° and 35.0°, respectively, along the horizontal polarization

plane. The The S-band array and feed pattern are shown in Figure 6(b).

D. L/S-Band Radiometer Design

The radiometers use a standard Dicke-switched  design, with precision noise diodes for cali-

bration  as shown in Figure  7. Sharp (10-pole) ceramic filters eliminate RF interference from out-

side the desired bands centered at 1.414 and 2.695 GHz.. The radiometers are switched sequen-

tially  between the L- and S-band feeds, and between vertical and horizontal polarizations at each

feed. A stable tunnel diode is used as the detector, followed by a special hybrid circuit with a very-

low-noise amplifier and voltage-to-frequency converter to digitize the signals. Counters in a gate

array store the radiometric data, ancl a serial interface chip sends the data to the spacecraft data han-

dling system. The advantage of the serial interface is that it requires only two wires in the flexible

interconnects. Signals from three stable noise-diodes arc addeci  in before the Dicke switch to cali-

brate the radiometer in both the L- and S-ban~i  channels. The three diodes operate in sequence, so

that if one changes the other two can be used to recalibrate it. Experience with the current genera-

tion of noise diodes indicates that absolute calibration of the radiometers to c 1 K can be achieved.

A continuous calibration scheme is used to reduce the effects of radiometer gain variations, and to

zero out variations due to tempertaure changes. This scheme is based on a 1/3 duty cycle science

data acquisition tnode,  and requires no separate calibration mode. The data sequence measures the

reference loaci, and then the antenna temperature with and without the added noise signal. The an-

tenna temperature is then calculated from these measurements. A slight disadvantage of the 1/3
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duty cycle calibration scheme (over the traditional 1/2 duty cycle Dicke-switched  design) is that the

integration time is reduced by 3/2, increasing the radiometric noise by a factor of the square root of

3/2 ( 1.22). The increase in calibration stability is a m:ljor advantage, however, and is considered

essential for the quality of the IRIS science data,

E. Antenna RF Analysis

A comprehensive RF analysis was performed to evaluate critically the electromagnetic per-

formance of the IRIS antenna. Antenna patterns, beam efficiencies, cross-polarization levels,

beam tilt, etc., were compured using a vector diffraction analysis computational methodology [38].

The dual-pohwized  L- and S-band feeds described above were used in the analysis. The arrays

were located appropriately on the lower membrane with respect to the focat  ring of the torus con-

figuration, and were designed to illuminate the reflector surface with the desired tapers. For the L-

band array this taper is approximately -15 d13. As stated earlier, the S-band array was designed to

under-illuminate the reflector. The under-illumination aids the S-band performance when reflector

surface distortions arc present because a smaller effective area of the reflector is utilized with the S-

band beams. The diffraction analysis computations were used to optimize the key design parame-

ters of the offset parabolic antenna in terms of focal length, radius of the focal ring, effective aper-

ture dimensions, optimal feed array size, etc. Table 3 gives the values of the optimized parameters,

with reference to Figure 4(b).

Ideal Swfcice:

For the ideal antenna (no distortions), patterns for representative beams at L- and S-bands are

shown in Figure 8. These figures show the two principal planes (E and H) and, additionally, the

cross-polarized pattern in the 90° plane. These patterns are norrnatized with respect to the total ra-

diated power from the feed array, representing the antenna directivity. The important computed

beam parameters are listed in Table 4. The beam efficiency is computed based on the total power

in the “main beam” region, defined as 2.5 times the average of the 3 dB-beamwidths  of the pattern

in the two principal planes. The beam tilt represents the actual beam peak direction with respect to

the nominal antenna tilt angle of 35°. (Note that an antenna tilt angle of 35° provides a 40° inci-

dence angle at the Earth’s surf ace.) Changes in the beam tilt give rise to antenna pointing varia-

tions.
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Non-Ided Smfhce:

Theantenna  perfor[lliince  res~llting frorntypical sLlrfacc  distortions ofinflatcd  membrane-type

structures was also investigated. The systematic distortions of these structures have a generic M or

W shape (Figure 9). For illustration, we have considered a typical situation of 10-mm peak dis-

tortion from the original undistorted parabolic torus shape (one must be careful in assigning rms

values to these types of distortions [39], [40]). Figure 10 shows the antenna patterns for the sur-

Face-distorted case. The related parameters for this case arc shown also in Table 4, as well as the

case ofro E = 5 mm.. Note that even with a 10-mnl peak distortion excellent values for beam effi-

ciencies are obtained. Several additional parametric studies were performed, including further

varying the amplitudes of the surface distortions, moclcling the thermal distortions of the surface,

and distorting the feed array locations [41 ]. These studies have demonstrated that the IRIS antenna

design is tolerant to expected surface distortions, and will easily meet the design goals for beam

efficiency and cross-polarization isolation (greater than 85% and greater than 18 dB, respectively).

V. M ISSION P~OFILI~ PI;RFORMANCE VERIFICATION , AND Owlm  APPLICATIONS

A. Flight System and Operations

The major phases of an IRIS mission inclucle  launch, deployment and rigidization  of the in-

flatable structure, flight system checkout and data verification, a two-year nominal science data ac-

quisition, and periodic drag make-up reboost  maneuvers. The requirements of the IRIS science

payload on the spacecraft are moclcst, and well within the capabilities of curlent  inexpensive off-

the-shelf commercial spacecraft, Due to the low mass per unit area and high packaging density of

the inflatable stmcturc,  the 25-m antenna with all its feeds and radiometers, plLIs data and power

distribution systems, can be packaged into a canister with a volume of less than 2 m~. The com-

bined flight system is compatible with a small launch vehicle of the Taurus-XL or LMLV-2 class.

After launch into its operational orbit the deployment sequence begins with the opening of the

canister and inflation of the antenna struts and tori. When they arc fully inflated the struts and tori

rigidize (the current technology is to rigidize by vaporization of water from the gel-impregnated

fabric). The reflector lenticular  structure is then inflated using water vapor, ancl remains inflated by

make-up gas provided by a water tank on the payload canister. Every few months, depending on

the atmospheric density (and resulting drag on the flight system), a rcboost  maneuver must be per-
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formed. Reboost maneuvers require rotating the flight system into alignment with the spacecraft

velocity vector and firing a set of hydrazinc  thrusters, operating in a pulse-off control mode. Con-

sumables are sized for worst-case atmospheric drag (two standard deviations above mean solar

maximum conditions).

B. In-Flight Antenna Performance Verification

The IRIS antenna presents some challenges in system calibration. Due to its large size and

structure it will not be possible to conduct conventional antenna pattern measurements on the

ground to verify the theoretically-calculated patterns. Post-launch tests will be required to verify

the antenna beam characteristics and pointing accuracy. Errors contributing to knowledge of the

antenna beam electrical boresight include reflector surface distortions, displacements of the feed ar-

rays, and other possible systematic errors. It is therefore necessary to devise a procedure to verify

the antenna beam foresights and beam shapes empirically from the in-orbit radiometric  data. This

can be accomplished using ground-target signatures such as land-water crossings (coastlines)

where the brightness temperatures change discretely by as much as 10OK or more. The land-water

transition of the target brightness temperature 7’Ii(r) can be represented as a step function, and the

measured brightness temperature (i.e. the antenna temperature) TA(~)  as the convolution of the an-

tenna gain function G(r) with the target

!-03

brightness temperature (where r is a surface coordinate):

7A(r) = G (r) * ~j(r) (lo)

= J[ 7B,  I + (7};,2 - 7f),1) 1( (r - r’)] G (r’) dr’
.00

r 1
r

=  TIJ,l G (r’) dr’ + (TI;,2 - T~, 1) G (r’) dr’
-m -m

where, TB, I ancl Tfj,2 are the brightness temperatures of land and water, in no particular order. The

goal is to accurately locate the peak of the antenna gain function, or equivalently the center of the

antenna footprint. This can be done by noting that a convolution with a step function is equivalent

to a definite integration of the antenna gain function (Figure 11). A deconvolution  can be per-

formed, therefore, by differentiating the antenna temperature TA(r) with respect to the spatial coor-

dinates:
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dTA (r)-. ---- = (T~,l - 7}1,L)  G (r)
dr

(11)

To determine the IRIS antenna beamwidths and boresights the above procedure can be per-

formed at two independent angles so that the two-dimensional positions can be estimated. The

specific directions of land-water crossings will be determined by the spacecraft ground-track. A

similar schctne  has been used previously to correct footprint locations for the SSM/I sensor, pro-

viding location accuracies of 1 to 2 km. This scheme will provide estimates of the IRIS beam

pointing error using just a few orbits of data, providing the pointing error is a simple tilt or rota-

tion, and all beams are displaced by corresponding amounts. If the antenna beams have individual

displacement errors relative to one another, then as much as a month of data may be necessary to

accurately model ancl correct the errors. Since the orbit is sun-synchronous, small antenna distor-

tions due to thermal effects that arc repeatable each orbit will be straightforward to correct.

C. Salinity Application

In addition to soil moisture, IRIS is well suited to studying salinity variations in the open

ocean. I.-band brightness temperatures are sensitive to salinity, and the dual-frequency, dual-

polarization capability allows corrections to be made for surface temperature and wind speed

variations. However, measurement of salinity requires greater precision in brightness temperature

than does soil moisture. ]ncrcased mcasurcmcnt precision can be obtained by time- and space-

avcraging  of the individual brightness temperature measurements. At these these levels of preci-

sion, other sources of geophysical and model ‘noise’ take on increased importance.

Faraday rotation and galactic noise will affect the brightness temperature accuracies,

tainties in incidence angle (due to attitude and pointing uncertainties) and errors in

For example,

as will uncer-

correcting for

surface temperature and wind-induced roughness. A previous analysis [4] has shown that salinity

retrieval accuracies of O. 1 to 0.3 psu should be achievable at a spatial scale of 100 to 300 km and a

time scale of weeks to months. The high measurement precision of IRIS should allow these ac-

curacies to be achieved at the lower time and space scales. Over the open ocean, where radio fre-

quency  interference is less prevalent, the IRIS radiometer bandwidths could be increased, provid-

ing further gains in precision. Global measurements of ocean salinity do not currently exist, and

are a high priority for studies of air-sea interaction and ocean circulation. A system such as IRIS

would  serve as a useful testbcd for evaluating the feasibility of salinity measurements.
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A study has been performed of a

VI. CONCLUSIONS

spaceborne, inflatable, passive-microwave system for global

soil moisture and ocean salinity measurement. Inflatable antennas, while still in the relatively early

stages of development for remote sensing applications, have tremendous potential due to their low

mass, low cost, and versatility for a variety of applications. This study has shown the feasibility of

a system to provide soil moisture and ocean salinity with great potential benefit to hydrologic,

oceanographic, and weather and climate applications. Challenges remain in clemonstrating  the

technologies of inflation and rigidization  in space. However, the investments currently being made

in these technologies, and the wide interest in their applications, should make inflatable remote

sensing systems a reality in the near future.
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T ABLE CAFHONS

Table 1: IRIS nominal system characteristics

Table 2: Normalized sensitivities, S’ij, of brightness temperature to selected geophysical pa-
rameters, at two values of vegetation water content: WC = O and 1.5 kg-m-2. (L = 1.41
GH7,, S = 2.69 GHz; H = horizontal polarization, V = vertical polarization.) Xoj and Xj
are the parameter baseline values and ranges, respectively, used in computing the sen-
sitivities.

Table 3: Optimized IRIS antenna parameters

Table 4: Summary of antenna performance parameters at L and S bands
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Artist’s concept of IRIS, showing the inflatable antenna, feed ring, support tori and
struts, and the offset multiple-beam configuration (one beam path shown).

Brightness temperature sensitivities to m., WC, 7;, and T., as functions of frequency at
a viewing angle of 40°: (a) WC = O, vertical polarization; (b) WC = 1.5 kg-m-z, verti-
cal polarization; (c) WC = O, horizontal polarization; (d) WC = 1.5 kg-m-2, horizontal
polarization. The curves are for: nZV —— ; WC ---- ; T, . . . . . . . ; and Tc --------

(a), (b), (c): Simulated parameter retrievals for soil moisture rnv (g-cm-~), surface
temperature Te (“C), and vegetation water content WC (kg-r-n-z),  respectively
(parameters with asterisks are the retrieved values). (d), (e), (f): Simulated rms re-
trieval errors vs. vegetation water content for soil moisture mv, surface temperature Te,
and vegetation water content WC, respectively (units as above).

Schematic representation of inflatable antenna system: (a) View from above showing
the spacecraft, canister (open in deployed position), main reflector, support struts, and
portion of the lower torus and feed arrays; (b) vertical cross-section showing the de-
sign parameters of the antenna system (there is symmetty  about the vertical axis)
(values of the key parameters, optimized for IRIS, are given in Table 4).

Detail of feed and radiometer assembly.

Feed microstrip  patch elements and radiation patterns: (a) L-band; (b) S-band.

Radiometer system block diagram.

Principal co-pol and x-pol main reflector far-field radiation patterns, with no surface
distortions: (a) L-band; (b) S-band.

Typical “M” or “W” inflatable antenna surface distortion model, with maximum de-
viation E.

Principal co-pol and x-pol main reflector far-field radiation patterns, with surface dis-
tortions of the type shown in Figure 9, and ~ = 10 mm: (a) L-band; (b) S-band.

(a) The transition between ocean and land can be modeled as a brightness temperature
step function. (b) Typical antenna pattern, (c) As the antenna beam moves across the
discontinuity, the measured brightness temperature is the convolution of the step func-
tion with the antenna pattern.
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-i-J& 1-

[----:--’ ‘-------::----=:7%!%%lOperating Frequencies (GHz) ““””

Polarizations

I Antenna diameter(m) I 2 5 I
I Effective aperture(m) I 10.8 I 6.6 I

1-”- ‘--””- ‘“--0-””--’’’’=’ti+:’G4
Beamwidth (deg)

Beam efficiency (A)

‘Cross-pol. isolation (dB)

L----- -------------Orbit altitude (km) --.-1---------------------780
I

1---Subsatellite velocity (km S-l)
----1---------- -6:6~J

L Nodal equator crossings L 6am/6pm

I Incidence angle (deg) I 40 I

1 Number of radiometers & beams

k

44

Spatial resolution (km) 24 X 32 T 21 X 28 1

1’-Swath width (km)

‘“--”- I “-” ‘-----’-1130

‘Repeat coverage period (days) 2 t 0 3

I Along-track sample spacing (km) I 24 I
\ Number of channels per radiometer I 4 I

Integration time per sample (see) 0.9

Radiometer bandwidth (MHz) 20--i------=10

RMS noise per pixel (K) 0.25 0.35

I Absolute accuracy (K) I < 2 I

I Mission duration (years) -.. I 2 I



.

Parameter

fnv ( g c m- 3)

WC ( kg m-2)

T~ ( “ C )

Tc ( “ C )

I I LV SV LH SH

0.15 0.32 76.2  75 .1 95 .6  96 .2

0, 1.5 1.5 12.8 22.8 31.9 61.9

20 40 38.1 3 7 . 6  3 3 . 3  3 2 . 3

15 30 0 0 0 0

LV SV LH SH I
4 8 . 7  3 1 . 9  6 1 . 1 41.0 I
7.2 7.0 1 9 . 2  2 3 . 3 I
2 9 . 5  2 3 . 2  2 5 . 5 19.6 I
6.5 10.9  7 .1 12.0 I

27

1i=—
F



.

TJL-L! 3

Parameter

.~-’

Value

Antenna radius, f? (m) 12,5

Effective projected aperture, D (m) 10.77

Feed ring radius, s (m) 6.58

Unmetallized segment radius, r (m) 2.06

Focal length, f(m) 10.33

Focus to symmetry axis, d (m) 11.47

Offset angle, a (deg) 35

Membrane height, h (m) 12.34
— —

2 8



L-Band

S-Band

Distortion
height

.-. J!I!E2_.
E = o— .
& =

5 1

&= 10,

& = o

E = 5

& = 10

Direclivity
(dB)

42.37

42.30

42.13

44.44

44.44

44.15

X-POI
Isolation

(dB)

26.47

26.36

26.21

30.70

30.87

30.38

Beam
tilt

(deg.)

1.1

1.2

1.3

-1.3

-1.2
t ---–-—
I -1.0

Beam
width
(deg.)

1.39——— —.—
1.41

1.44

1.21

1.18

1.15

—— -—
Beam

efficiency
(%)

89.98

89.63

88.31

9 7 . 2 1

97.21

96.57
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